The theory of macroscopic quantum tunneling is applied to a current-biased dc SQUID which constitutes a system of two interacting quantum degrees of freedom coupled to the environment. The decay probability is obtained in the exponential approximation for the overdamped case. Close to the critical driving force of the system, the decay of the metastable state is determined by a unique instanton solution describing the symmetric decay of the phases in each of the two Josephson juctions. Upon reducing the external driving force a new regime is reached where the instanton splits. The doubling of the decay channels reduces the decreasing of the decay rate in the quantum regime. A current-temperature phase diagram is constructed based on the Landau theory of phase transitions. Depending on the external parameters the system develops either a first-or a second-order transition to the split-instanton regime.
I. INTRODUCTION During the last decade the subject of macroscopic quantum phenomena has attracted a great deal of interest. Macroscopic systems are inherently coupled to their environment which makes it often necessary to take dissipation into account. ' Some scientifically interesting as well as technologically important examples exhibiting this kind of phenomena are superconducting quantum interference devices (SQUID) and current-biased Josephson junctions (JJ). In the former, the macroscopic variable is the flux trapped in the ring, while in a JJ, the phase of the junction is the variable which can be subject to quantum effects. In both examples, the decay probability is determined in the exponential approximation by the action evaluated for the (classical) extremal trajectory in an imaginary time formulation (instanton) .
In this work we are interested in the quantum dynamics of a system which is equivalent to an interacting twoparticle problem, i. (Fig. 1) .
The device is current biased near to criticality, i.e. , the current I;, i = 1,2, in each branch is chosen to be slightly smaller than the critical current I, . The If the external flux is nonzero but an integral number of flux quanta, the action can still be written in the form (3).
For arbitrary external fiux, the SQUID acquires an effective asymmetry. However, our results are general and the splitting of the instanton occurs in any case.
The oscillatory cosine term and the driving term proportional to I/I, [both in (3a) ] combined with the interaction potential in (3b) give rise to the tilted washboard potential, which is shown in Fig. 2 (a). The minima are arranged along the diagonal y&=y2 and an illustration is given in Fig. 2 ' '(z) to the split-instanton solution q(z)%0 appearing below a" q(z)=q ' '(z) The phase diagram comprises four phases (see Fig. 4 ).
Let us consider initially the large currents region, c &1. =- ', q&(z) . (30 
where T is the temperature and E (I) is the activation energy, which is determined by the extremum of the free energy in (3) as a function of (p, q). In the high-current region (i &1) the activation energy E, (I)=4EJE (I)/3, whereas in the low-current region (i) 1) the saddle splits and the activation energy becomes Ed(I)=EJE (I)(2 +3a -a')/3. In the region i & 1, as T drops below the crossover temperature To(I), the system enters the quantum regime and the decay rate takes the form and calculate the value of y for which 5(y) =0. Performing some tedious but simple calculations we obtain that the tricritical temperature T* =0.97 Tp.
We are now in a position to determine the behavior of the decay rate as a function of temperature and current in the classical and quantum regimes. As usual, the classical decay rate is given by the Arrhenius law, rithm of the decay rate I, where we have made use of (28) (37) and (38) is in agreement with experimental observations on a rf SQUID. ' ' In our model containing two coupled degrees of freedom, the quantum regime is described by Eq. (38) Fig. 4 Reducing the bias current (cz=0.64), the system decays by thermal activation at high temperatures, enters the quantum regime described by the single instanton at 00 '=0. 8, and then reaches a new phase in the quantum regime at 8, ' '=0. 66 (see also Fig. 4 Fig. 6 . The second-order transition to the splitinstanton region is probably difficult to observe experimentally. However, the discontinuity in the decay rate occurring for c3=0.96 in Fig. 5 and for 02=0.95 in Fig. 6 is a signal of the onset of instanton splitting.
V. CONCLUSIONS
In the present work, the quantum decay of a currentcarrying state in a dc SQUID has been studied in the overdamped limit. 
